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ABSTBACT

A rctating heat pipe was tested using two differemt
copper condensers (a smooth cylinder and a cylindexr with 22
straight axial fins) and vater as the working fluid. The
smooth condenser was tested at rotational speeds of 700,
1400 and 2800 RPNM. The finned condenser was tested at 700
RPAH. The Feat transfer rate for each run vas measured and
plotted against the temperature difference between the
internal vapor and the cooling water inlet. Representative
condensar wall temperature profiles wvere plotted for each
run. The primary objective was to compare the heat transfer
rates obtained.

The finned condenser heat transfer rates vere 30-40
percent greater than those of the smooth cocndenser. All
data appeared to be influenced by the presence of noanccnden-
sable gases. Reccamenda tions for improvements +*o the
rotating bheat pipe system are included.
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I. INTRODUCTION

A. THE BOTATING HEAT PIPE

~ " A
I 2 R AR NP X

a8 .

The rotating heat pipe is a closed device that can be
used to transfer thermal energy radially or axially in a
rotating machinery component. The basic configuraticn of
the heat pipe used in this experiment is shown in Pigure
1.1. It consists of a cylindrical evaporator, a cylindrical
condenser and a small amount of volatile working fluid used
“ to transfer emergy frcm the evaporator to the condenser.

- During operation, the heat pipe 1is rotated about its

- axis with sufficient speed to maintain a fluid arnulus in
the evapcrator. Heat conducted through the evaporator wall
vaporizes a portion c¢f the working fluid, creating pressure
and density gradients which cause the vapor to flow into the

. condenser <section. The gradients are wmaintained by the
condensatior of the vapor on the condeaser wall. Heat is
removed ty a second vorking fluid that cools <the outside
surface of the condenser. Condensate flow back to the
evaporatcr is induced by a hydrostatic pressure gradient
‘resulting from the axial difference in the condensate film
thickness alcng the ccndenser wall,
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B. BACKGEOU®®

' The original rotating heat pipe concept developed by
: Gray [Ref. 1] in 1969 vas a single circular cylinder. The
hd rotating heat pipe at the Naval Postgraduate Schocl (NPS)
vas designed by Daly {Ref. 2] in 1970. it had a stainless
steel evaporator and a stainless steel <truncated cone (3
degree half angls) condenser. Subsequent work has changed
the evapcrater to ccpper and various condenser geometriss
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bave been tested at NPS with various working fluids. The
best heat transfer rates have been achieved with a trupcated

Yy . cone condenser or a cylindrical condenser with the interior
;s surface enhanced with helical <fins (Ref. 3] and [Ref. 4].
&i ‘ Por industrial application, the cost of the helical fin
. enhancement is less expensiva than the cost of manufacturing
753 the truncated ccne ccndenser. Of all the working fluids
e tested in the previous work, water exhibited the best heat
~§ tansfer characteristics over the broadest range of operating
’ conditions [Ref. 3]. Throughout the previous work, it was
33 evident that the heat transfer at the interior surface of
:f the ccndenser is the limiting factor in improving the

thersal perfcrmance c¢f the rotating heat pips.

C. PRELIBINARY OBJECTIVES

The NES hea+ pipe had been idle for three years prier to
+~@ ccamencement of this work. The system was therefore
disassenbled and inspected. As a result of the inspection,
the following preliaminary objectives were accomplished to
prepare the systam fcr operation.

1. Prcgrams for coamaputer aided data aquistion and
R analysis were written and tested. This was required sirnce
é the data aquisition system used in this thesis had not been
’y used with tle rotating heat pipe in the past.
- 2. The temperature sensing system was changed from
- Copper-Ccnstantan (type-T) to Chromel-Constantan (type-E)
Ef thermocouples. This wvas done to improve the sensitivity on
:ﬁ the temperature measurements.

3. The cooling water drain system could not be located

s0 a new one had to ke designed and manufactured.
4. Other ainor medifications to individual components
ars discussed in chapter II.
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D. THESIS OBJECTIVE

The rprimry objective of this thesis was twofold.
Pirst, to reproduce the experimental results of Weigel
[Ref. 3] and Wagenseil (BRef. &#] using a smooth ccpper
condenser and vater as the working fluid. This was done so
that new results from this work could validly be compared to
the results of previcus work. Second, to experimentally
determine the heat transfer characteristics of a condenser
made from a coamercially available copper <*ube having 22
evenly spaced straight axial fins on the inside surface.

The straight fin geometry was selected for evaluation
tecause it had nct been testad in the past. The results of
the straight fin condenser could provide a baseline against
vhich future work could be compared. The future work mighz
include evaluaticns c¢f condenser geometries with different
size fins, different numbers of fins, different helix angles
for the fins or different condenser sizes. The final goal
being to determine the optimum <rotating heat pipe ccndenser
geometry.

"
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IT. EYPERINENTAL EQUIPHENT

4

jg} The rotating heat pipe system and ancillary equipment :
% used in this thesis are shown in Pigures 2.1, 2.2 and 2.3.
The entire heat pipe assembly is bolted to a steel bed-plate
f? that can ke oriented from a horizontal tc a vertical f
% position.
A. EVAPOEATOR H
lf The evagporatcr (Figure 2.1) is a copper cylinder 100 am i
e in diameter and 70 =mm long. It is sealed at both ends by §
- C-rings. 1
v B. BEATER
/3 The Lteater (Figure 2.1) is a Chromel-A wire with
- - Magnesium oxide insulation in an Inconel sheath. The heater
N is wrapped around the evaporator and thermally insulated on
iz the outside. Electrical power to the rotating heater is
b3 supplied through four pairs of carbon brushes riding on a
o5 pair cf bronze collector rings. The heater resistance is
,3 1.8 ohms measured at the collector rings.
2
P C. POWER SUPPLY
‘3 The power supplied +o <+he heater is <requlated by a
i voltage sensing circuit. The single phase, 440 volt, 60
ﬁ hertz 1line voltage is fed into a precision differential
:: voltage attemator which divides the line voltage by one
ff hundred. This stepred down voltage passes through a true
if root mean squaTte (TRMS) converter stage on which +he inte-
ﬁ graticn gpericd is 1as. The output of the TRMS converter is
'
X
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tuffed and compared to the Power Control potentiometer
sounted on the contrcl panel. The comparator output is fed
to the ccntrol input of a Holmar Silicon Rectifier which ;
supplies the amplified voltage to the ccllector rings. 1

The cutput of the TRMS convarter is amplified and
filtered to provide a voltage proportional to the actual
voltage supplied to the heater. This voltage is mcnitored
by the vcltmeter on the data aquisition systern. 1

D. VIEW WINDOWS

Two 8.9 mm diargeter 6.35 mm thick Pyrex glass windcws
are used to seal one end of the evaporator and allow obser-
vaticn of the heat pipe interior during operationm.

E. BEARINGS

The rctating heat pipe system is supported by two kear-
ings. The main bearing is provided with external ccoling
wvater ccils and is lubricated by a small oil dripper (Figure

' 2.2) which is adjusted to provide an oil flow of 2-3 drops
per ainute. The drive pulley bearing is a self-lubricated
sealed bearing.

In all previous works, the drive pulley bearing and the
slip ring support (Figure 2.3) were separately mounted on
the bed-plate and were connected by a flexible coupling.
This arrangemen* required disasseably, reassembly and
realignment each <*ime a condenser was changed. For tklLis
work, <*he drive pulley bearing support and the visccus slip
rings were aligned and aounted on a common plate <+hat is
then bolted to the bed plate. This nav arrangemen* simpli-
fies the assembly, and prevents undue bendiag or tension
stresses from being placed on <the delicate slip ring wiring
that passes through the flexible coupling.
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F. CONDENSERS

FPor this work, the coandenser construction technique
develcped by Wagenseil [Ref. 8] vas used with minor modifi-
cations. Two holes vwere drilled in +he evaporator end
flange and 1.6 =am diameter stainless steel tharmocouple
sheaths were inserted and silver soldered in place. The
sealed end of the thermccouple sheaths extard into the
evaporator for mcnitoring the vapor temperature in the hea+
pipe. With this construction, each condenser has two perme-
nantly installed vafpor space thermocouples whose wiring is
not subjected to the bending and breaking that occurred when
+he vapor space thermocouples were installed in the main
bearing flange.

Twc cofpper test condensers were assembled for this
thesis. Each 1is manufactured from a copper tube 295 nmm
long. Spray cooling takes place over a section 250 mm long.

1. A smocth cylinder the same as used by Weigel
[Ref. 3] and Wagenseil {Ref. &4].

Outer diameter: 26.9 anm
Wall thickness: 0.75 mm

2. A smooth cylinder with 22 axial fins evenly spaced
on the inside surface. The tubing, Figure 2.4, was provided
by the Ncranda Metal Industries of Newtown, Connecticut.

Outer diameter: 28.6 am
Wall thickness: 1.3 am
Number of fins: 22
Pin height: 1.4 mm
Fin thickness: 1.4 nm

Area ratios (ccmpared to the smocth condenser)

outer: 1.06
inner (negelecting fins): 1.02
inner (fins included): 1.80

17
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G. COOLING SYSTEN

The ccndenser is spray cooled by filtered and softened
tap water. The cocling vater is sprayed uaiforasily alceng
the entire length of the condenser from four pecforated
tubes placed at 90 degree intervals around the condenser
axis. The cooling water drips off the rotating condensers
and is collected by <wo drains <that fzed into the new drain
collecting box. The drain collecting box was designed to
provide for good mixing in the drain path so that ‘he water
temperature measured at the collecting box outlet would be a
true bulk temperature. The cooling water flow rate is
measured ty a calibrated ro tometer.

H. HEAT PIPE DRIVE SYSTENM

The rotating heat ¢fipe is driven by a v-belt attached *o a
variakla speed electric nmotor. The RPM is measured by an
inducticn tachometer and provides a digital display. Speed
can be ccntrolled within +/- 1 RPM.

I. VACUUB AND PRESSURE TEST SYSTEN

The vacuum test system shown ian Pigure 2.5 is used to
determine whether or not the heat pipe is vacuum tight. The
test flange is installed in place of the view windows and
the sancmeter is used to monitor <+he vacuum vwhen the system
has keen evacuated and isolated. For pressure testing the
heat pipe, the compressed gas pressure reqgulator is at+ached
+to the test flange in place of the vacuum test system.

19

R

e n

DIV IR 3N




wa3sAs 3ISa] 94NSSaad pue

abue(s 1593

wnnoepA g°z aJ4nbig : o

Py

k———— J42j32wourw

00 KX I 2 S TR D

B

20

sbuiiits -

=

Jd0jed40deAd

3 O O]

O MO AT DAL / AN 1L PN . AL e e R e TR — - .
aca . PO ey R R R A W T s T Y PV RO

4
\\o>_n> uorjeos} ¥ |

dund Hm

403en634 aanssaad

wnnoea -

seb




s A 1 B

At o 4R

Pt

o LA S

ANENANE P P

KO SUWCCTRUEL L

PROMCRC ¢ A PRI C

[

*
-~
"t
“
o VY

- e

J. INSTRUBENTATION

The instrumentation used in this thesis is described in
the follcwing paragraphs. The stated accuracy for each
instrument is the result of <the calibration procedures
described in Appendix B.

All temperatures vere aeasured by welded type-E thermo-
couples made from 0.13 nm diameter wire with teflon insula-
tion. A nylor sheath vas placed over the wires to protect
them from bending and abrasion.

The condenser vall thermocouples were soft soldered into
grooves machined intc the outer surface of the condenser.
Pigure 2.6 shows the axial position of <the thermocouples.
The accuracy of thermocouple placement is +/- 3mm axially
and +/- 1am radially. The uncertainty in the placement is
caused by tke easy bending of the thin wires, difficulties
encountered getting sclder to adhere to the type-E wire and
problems in keeping the thermocouple bead fully immersed in
the mclten sclder pocl at the time of attachment.

The vapcr space thermocouples were inserted into the
vells until they came in contact with the end of the well.
All thermoccuple wires were held to the condenser at regular
intervals using wire wraps. The thermocouple wires were
passed through holes in the flange at the drive end of the
condenser and vere scft soldered to an EIA 25 pin connector.
Spuricus voltages were not expected in this connector.
Since all ¢the juncticns were exposed to ambient air, the
speed of rotation kept the connector cooled to ambient so
that no thermal gradients occurred during opera+ion. The
poor scldering characteristics of the type~-E wire resulted
in numerous cold sclder joints on this connector. The
combinaticn of cold solder Jjoints and centrifugal force
caused many theramocougle wires to lose electrical centact or
pull out of this ccnnector during operation. Repairing
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thermocouplas was a sajor cause of delay in this thesis. An
assealle¢d ccndenser is shown in Pigure 2.7.

The thermocouple signals were transmitted from the
rotating system by a set of low noise, viscous slip rings
containing mercury. The £lip rings were refurbished and
revired for type-B application prior to use.

the thermocouple voltages (EMP) were monitored by a
Hewlett Fackard (HP) 3054 a data aqusition system that was
contrclled by an HP9826 computer. An interactive pregram
(Appendix C) wvas vwritten tc control the data aqusition and
to anslyze the dJdata during operation. Raw data and final
results were stored c¢n flexible disk for re-use a+t a later
time. The computer aided data aqusition and analysis
provided real time results and made it possible to detect
probleas or inconsistencies in the results as socon as they
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TII. EXPERIBENTAL PROCEDURES

The steps outlined in this section have been chosen to
ensure ccnsistent and repeatable results.

A. TINSTALLATION AND PRETESTS

1.

2.

Insgect all O-rings and O-ring grooves to ensure
they are clean and have no flaws.

Assemble the heat pipe system ensuring all jcints
are tight.

Install a test flange in place of the view windows;
connect a pressure source to the flange and raise
the prescsure inside the heat pipe to 0.3 mP. Check
all joints and surfaces for leaks using a soap solu-
ticn. The surfaces should be thoroughly wetted and
should be inspected several times over a five o ten
minute period. Small leaks will appear in time as a
mcund of tiny foam bubbles. This simple test will
easily detect leaks that will allow noncondensable
gases to be inducted into the heat pipe which oper-
ates in a partial vacuua. Daniels and Williams
{Bef. 5] have shown that noncondensable gases signi-
ficantly reduce heat transfer rates in rotating heat
pipes. Small leaks plagued <this work from the
beginning. leaks were found at several O-ring
joints, in <the thermocouple wells and in soldered
and brazed ccnnecticns on the heat pipe. Repeatad
attempts vwere therefore made to correct these difi-
culties, but these attampts were not alwvays
successful or lasting.

Disconnect tke pressure source and install a vacuunm
test systen. Evacuate the heat pipe; isoclate the
system and allow it ¢t0 sit for at least 24 hours.
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Mcnitor the vacuum in the system +o ensure tha*

there are no leaks. For the reasons stated above,
it is 4imperative that the system be vacuua tight.
Lata taking was delayed for three weeks while leaks
vere being fcund and repaired. More leaks were
found in the tubing and Svagelok fittings of <the
vacuum test system than in the rotating hea* pipe.

PREPARATION OF THE HEAT PIPE INTERIOR

1.

Remcve the test flange and tilt the evaporator end
dcwn slightly *o allow the cleaning fluids to ran
cut of the evaporator. Place a pan under the evapo-
rater to catch the cleaning fluid run off.

Using a stiff bristle brush, scrub the intericr of
the evaporator and the condeaser with acetone.
Rinse with distilled wvater by spraying and
thoroughly wetting the interior of the evaporator
and condenser.

Scrub the interior of the evaporator and the
ccndenser with ethyl alcohol and rinse with
distilled water.

Scrub the interior of tha evaporator and the
condenser with a hot solution (80 degrees Calsius)
cf equal parts ethyl alcohol and 50 percent agueous
sodium hydroxide. Rinse +the interior +horoughly
with distilled water. Observe <he interior of <the
ccndenser to ensure that there is even wet+ing of
the surface when water is sprayed on the surface.
The interior ¢f the heat pipe system is nowv prepared
for filmwise condensation.

26




.....

[ ]
C. FPILLING
|
1, Tilt the condenser end down about 30 degrees. ﬁ
2. Four 300 ml of distilled water into the heat pigs. ]
3. Thoroughly dry the O-ring groove area. This will
prevent condensation between the view windows.
4. Install the two view windows using two dry spacers j
rings between the inner and outer windows. A1 an )

wooden or plastic shim may used to center <*he
windews.
S. The twelve viev window retaining bolts are %*ightened

sequentially. Proceeding clockwise, every fifth
bolt is +ightened ¢to 20 inch pounds torque. Bach
kclt may be tightened several +times during <+his
process. Repeat the procedurs, *ightening each bclt
tc 30 inch pcunds torque. The two step tightening
procedure prevents cracking the view windows during
the installaticn.

D. VERTING

This grccedure 4is used to drive noncondensalble gasses

out of the working fluid and the hsat pipe interior.

1. Energize <the HP30S4A data aquisition system and
mcnitor one of the vapor space thermocouples.

2. Tilt the evagcrator end down 30 degrees.

3. Remove the vent screvw to prevent pressure bLuild up
during venting and to protect the view windcws from
cracking.

4. Set the power control to 13.5 and heat the system up
tc about 104 degrees C. Pover settings above 14.0
during system warm up have cracked the interior view
windev.

S. When a steady plume of steam is observed at the
vent, ccmmence timing and allow the system %0 vent
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fcr 10-15 minutes. Adjust the power control as
L. necessary to maintain about 104 degrees C during the
{ venting.
' 6. When venting is complete, install the vent screw and
O-ring and issediately secure the power.
4 - 7. Tilt the heat pipe to the horizontal positior.
8. Turn on the ccndenser cooling water to cool off the

§¥ systea. Violent boiling may be observed in <+he

i? evagoratcr as the system starts to cool off.

%3 E. RUBNING

if 1. Energize the HP9826 and the HP3054A. Load and start

= the data aquisition prograa.

-] 2. Energize the tachometer and its digital display.

;f 3. Cpen the valves and establish cooling water flcw to

?f the main bearing.

fé 4. Open the needle valve on the oil dripper and adjust
. the oil flow +to the main bearing for 2-3 drops per

':: sinute.

'E S. Turn on the «cooling water and adjust <the flow rate

By for a rosmeter reading of 50 percent. This is the

same flow setting used in previous work and was

;f chosen to reproduce the previous work as closley as

2; pcssible.

2 6. Rotate the heat pipe by hand to ensure <+here is no

tinding.

: 7. Start the drive motor and raise the speed to

2 1100-1400 rgm and observe <that a ligquid annulus

f forms in the evaporator.

S 8. Adjust the speed +to the desired rpm. In this work,

f N as in all the previous work, data was taken at 700,

1400 and 2800 RPM.
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9. At a given RENM, set the power control to the desired

level. Select and amonitor one of the vapor space
thermocouple EMP's on the data aquistion voltmeter.
Wait ten minutes for the system to reach steady
state. Steady state conditions are achieved when
the thermocouple EMF is nearly constant, fluctuating
no more that +/- 4 microvolts.

10. Take five sets of data at each power setting. The
results of the five data sets will be averaged %o
reduce tle experimental uncertainties. A set of
data consists of the RPM, the rotometer reading and
an automatic sampling of all the thermocouple ENP's.

11. BRepeat step 7-9. Data should be taken for both
increasirg and dJdecreasing powar settings to deter-
sine whether or not the heat pipe exhibits any

hystersis.

P. DATA REDUCTION

The data aquistion program and sample outputs are found
in appendix C. The data aguisition portion of the progranm
performs the following steps for each data run:

1. BRequests the entry of the RPN and the cooling water
rotometer reading and stores these values for future
use.

2. Samples each thermocouple EMP twenty times and
stores the average reading for future use.

3., Displays <the uncorrected temperature readings for
all thermocouples in degrees Celsius. This makes it
possible to monitor thermocouple status at each data
run. The temperature distribution along the
condenser wall can be seen.
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The analysis pcrtior of the program performs +he

%* following steps for each data run:

1. Corrects the cooling water inlet (Tci) and the
cooling water outlet (Tco) temperatures using their
respective calibration curves. The accuracy of the
calibration is +/- 0.05 degree Celsius.

N 2. Ccaputes Twall, the average of all condenser wall
'S temgreratures. Computes Ts, the average of the two
: vapor space temperatures. Computes Tavg, the
- average of the cooling water inlat and outlet

‘ temrperatures.

- 3, Ccarutes @, the cooling water mass flow rate
\ (Kg/sec) using the rotometer calibration curve and a
density correction factor based on the cooling water

:3 inlet temperature. The accuracy of the mass flow
55 rate calculation is +/- 0.005 Kg/sec.
ié 4. Ccmputes Q, the heat transfar rate to the cooling

water by the following energy balance equation:
Q = m*Cp#*(Tco-Tci) - Qf

vhere Qf is the frictional heat generated in the

- systea. Qf is determined for each test RPM by:
- Qf = h*Cp*(Tco-Tci)

ié at zero power. The Qf's are incorporated intc the
3 program and <the approriate one is automatically
selacted based on the RPM snteored at <the beginning
of each data set.
S. Displays the following output:

. Q vatts

-~ Is-Tci degree C

R Ts- Twall degree C

Twvall-Tavg degree C

Tco-Tci degree C

i
o
.

Stores the outputs ca disk for futurs use.
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IV. PRESENTATIION ABD DISCUSSION OF BESULIS

- A. GEBERAL COMMENTS

Three different data runs wvere made for this thesis.
:f Before the first data run wvas made, zZero power data was
taken at 700, 100 and 2800 RPM and the frictiomal heat
transfer rates (Qf) determined. The first data run was made
on 7 May, 1983 using the smocth condenser. Data was +taken
for 10 power settings at 700 RPM, 7 power settings at 1400
RPM and S power settings at 2800 RPHM. The second data run
vas made cn 10 May, 1983 wi*h the smooth condenser. Data
vas taken for 6 power settings at 700 RPM and 12 power
setting at 1400 RPN, A 2800 RPM data run vas attempted on
11 May, 1983, bu%t all of the thermocouple wires pulled out
of the connector and weres damaged beyond repair. The third
and last data run was made on 18 May, 1983 with the axial
finned condenser. Data was taken for 16 power settings at
700 REM. No data was taken beyond this point due <o leakage
= in the heat pipe systen.

The experimental results obtained are displayed graphi-
cally. Fcr each condenser, at each test RPM, a plot of Heat
Transfer Fate(Q) vs. the Temperature difference betweer the
vapcr space and the cccling water inlet (Ts-Tci) was nmagde.
The results of Weigel [(Ref. 3] and Wagenseil (Ref. 4] are
also plotted for coagarison. on each figure, a typical
N uncertainty band is shown. The experimental results fluctu-
ated wmore that the ccmbined uncertainties of the measurement
accuracies would predict. Observing the instrumentation
S during operation, the rotometer reading did not change. The
temperatures in the cooling water fluctuated as auch as 0.5
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degrees when electrical power was supplied ¢to the evapo-
a rator. This fluctuation was greater than the calibration
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accuracy and therfore was used for the uncertainty in the
error analysis. It is suspected that there 4is incomfplete
mixing and unstable flov in the drain collecting box and the
single thermocouple in the drain flow cannot provide an
average bulk temperature. A second set of plots displays
representative condenser wall temperature profiles for each
condenser at each test RPA.

B. RESULTS OF THE SMOOTH WALL CONDENSER

Figure 4.1, 4.2 and 4.3 show the results of the smoo*h
vall condenser at 700, 1400 and 2800 RPM. It was hoped that
the smooth wall condenser data would correlate well with the
vork cf Weigel [Ref. 3] and Wagenseil [Ref. &]. As seen in
Figure 4.1, 4.2 and 4.3 the heat transfar rates obtained in
this work were 10 to 80 percent lower than those obtained in
previcus work. The hea*t transfer rates obtained in this
work follow the the same trend observed in previous work.
The increased heat transfer rates at the higer RPA's is the
result of increased centrifugal accelaeration flattening and
thinning the condensate film on the inside of the condenser.

Experimental procedure was ruled out as a cause for the
discrepancy between the results of <this thesis and previous
wvork. Tte saae cleaning, €illing and venting procedures
vere eamployed in each experiment. The presence cf nonccn-
densable cases is the most likely cause of the 1lowver heat
transfer rates obtained in this wvork. The noncondensable
gases are dravn intc the heat pipe while it operates iz a
partial vacuum. Daniels and ¥Williams (Ref. 5] have shcwn
that the presence of noncondensable gases significantly
reduces the heat transfer rates in a rotating heat pipe. A
data run wvas attempted on 9 My, 1983, but wvas aborted
because of erratic readings. An inspection of the systes
after the aborted run revealed a dJdamaged O-riag in the
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Figure 4.1 Smooth Condenser Thermal Performance at 700 RPM
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condenser vent. It is suspected that the O-ring may have
teen slightly damaged during the venting prior to data ru:n
-~ #1 and further damaged during the venting prior tc the
aborted run. The O-ring had not been removed, but inspected
in place prior to the aborted run. Pollowing data run #2,
a pressure test of the system was performed and a pin hcle
leak was found in a trazed patch in one of ¢the flanges.
This leak was not present vhen the system was [fressure
tested prior to run #2.

The ccndenser wall tamperature profiles for the smooth
condenser are shown in Figures 4.4, 4.5 and 4.6. The data
is incceplete due to the failure of the <thermocouples
5 located at 130 and 230 am from the evaporator. In spite of
the missing dAata, scme observations can be made.

At all BPM's and all power settings, the temperature

closest tc the evaporator appears to peak. I+t is suspected
o that this is caused by heat conducted <through the main
v tearing flange from +the evapcrator and the frictional heat
generated in the main bearing, as well as the heat removed
. from the vapor condensing on the inside of the ‘tube.
;é Ignoring the temperature at 5 mm, the remaining profiles are
] relatively flat out to 80 am and then they drop off +¢c a
temperature very close tc that of <the cooling water.
Without the temperature at 125 am it is difficult tc decide
vhether or not these results are similar to those observad
by Daniels and Al-Babharnah [Ref. 6]. They have shown that a
rotating heat pipe contairing air and water has a flat temp-

A

erature profile near the evaporator and the profile drops
sharply 4in the regicn of noncondensabls gas buildup and
. becomes flat again at a temperature close +o “hat of the
e . cooling water. The air is blanketing <*ha condenser and

preventing oondensation in +the region far+hes+t from the
evapcra+cr. This phenomenon appears to be present a% 1400
RPM in Pigure 4.5 and appears to be more pronounced at 2800

i Aa 4 g
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BPM in Pigure 4.6. This trend is reasonable since data was
first taken at 700 REM then at 1400 RPM and finally at 2800
RPAH. Six to eight hours can elapse between the venting of
the system and the ccmpletion of data takirg. This is amfle
time to draw in air through even the smallest leak.

C. RESULIIS OF THE AXIALLY FINNED CONDENSER

THe leat ¢transfer rates determined for the axially
finned ccndenser are shown in Pigure 4.7. The data pcints
are ccnnectsd in the sequence in which the data was taken.
The erratic behavior of the data is attributed to a buildup
of ncncondensable gases during the four hour data run. A
pressure test immediately after the data run revealed a leak
at the O-ring, =<sealing the drive shaft. This leak was not
present during the pressure test of the system prior %to the
data run. Pigure 4.7 clearly shows the degrading effect
that the Ltuildup of non condensable gases has on heat
transfer rates in the hea*t pipe. The trend with time shcws
that a greater and greater temperature difference between
the vapor and the cooling water is required +o transfer the
same amcunt of heat. The condenser wvall temp2arature
profiles for data points a4, B, C and D are shown in Figure
4.8.

Alsc shcwn in Pigure 4.7 are the average heat transfer
rates for the smooth condenser from this thesis and previous
work ([Ref. 3] and ([Ref. 4]. Considering only the €£irst
seven data points in Pigure 4.7 it appears that the axially
finned ccndenser has heat transfer rates 30-40 percent
greater than a smooth condenser o¢f similar dimensions. It
is suspected that centrifugal acceleration rapidly ra2moves
the ccndensate film from the sides of the fins and that the
condensate depth between the fins is never grea* enough to
fully cover the fin. Thus the fins with a thin condensate
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film will always be exposed tc the vapor. This is in direct
contrast to the inner surface of the smooth condenser which
is always covered with a thicker layer of condensate. The
thin film c¢n the fips will have a higher heat transfer
coefficient than the condensate layer that forms or the
inside of tke smooth condenser.

The four condenser wall temperature profiles shown in
Pigure 4.8 were selected to show how the buildup of noncon-
densable gases changes the temperature profile. The temper-
ature closest to the evaporator is <+the highest, just as in
the smooth oondenser, and the same causes are suspected.
The data for curve B was taken about 3 hours after the data
for curve A. A sharp increase in the wall temperature near
the evaporatcr is very apparent. It appears that the region
of the hea* pipe that is affected by noncondemsable gases
extends all the way to the evaporator since there is no
flatness in any of the temperature profiles. The data for
curve D was taken abcut 90 minutes after the data for curve
C. The temperature profile for D is higher than C sven
though there is less heat transfer fcr curve D.
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Figure 4.7 Finned Condenser Thermal Performance at 700 RPM
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V. QONCLUSIONS AND RECONBENDATIONS

( 4
. A. COECLUSICNS [

The following ccnclusions have been nmade based on the

a
S ety e

experimental results cbtained:

1. The use of straight axial fins in the condenser
imprcocves the heat transfer rate by 30-40 percent when
compared to a smooth condenser of the same dimensions.

2. The smallest vacuum leak significantly reduces the

heat transfer rate in a rotating heat pipe.
q 3. Total mixing does not occur in the drain collecting
> box. This is evident from the fluctuations observed in the
: cooling water outlet temperatures at all power settings.

4. The single thermocouples in the cooliag water flow

;5 path do not provide an adequate sampling of the cccling
X vater.

2

ol B RECCHBENDATIONS

o The following recommendations are made o improve the

cperational reliability of the rotating heat pipe system and

the repeatability of results:
1. Replace the 0.12 am diameter thermocouple wire with

Y

<

g 0.254 mm diameter (30 gauge) wire. This will reduce <he
% breakage cf the wires during asseably, calibratior and

operation.
. 2. Replace the EIA 25 pin connectors with four Jones
2 strip terxzinal bcards with type-E terminal lugs. Design and
build a new bracket to hold the terminal boards to the drive
b shaft. This arrangement will eliminata solder joints in the
< thermocougle circuit and should allow for more flexibility
in the wiring during assembly.

o 4y
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3. Fedesign the drive shaft flange to eliminate one of
the O-ring joints. Figure 5.1 shows a possible design.

4. Design and tuild an all metal vacuum test system
that has cnly soldered and O-ring joints. This will ensure
that any leakage detected is in the heat pipe and not in the
vacuua test systea.

5. Replace the single cooling water thermocouples with
five cr scre wired in parallel. Place the thermocouples to
monitor various positions in the cooling water flow path.
This shculd provide a good average temperature in the
cooling water flow and reduce <*he fluctuations 3in the
cooling water temperatures.

The following possible areas for future research should
be considered:

1. Test the same condenser geometries used in this
thesis again as well as additionall helical fin condensers.
This will provide correlation with previocus work and new
data that should point towards an optimum condenser

2. Design and tuild a segmented cooling water system
such as shcwn in Pigure 5.2. Tvo condenser wall thermccou-
ples should be located in each segment. A separate heat
balance can be perfcrmed on <the cooling water 3in each
segment. The cooling wvater flow rate to each segment can be
contrclled and this can be used to control the condenser
vall teaperature distribution.

3. Design a new rotating heat pipe system to include
the fcllowing:

a. Segmented cooling systam

b. An induction heatirg system +to eliminate the
electric heater, brushes and collector rings

C. Relocate the bearings so that frictional heat is
nct conducted to the condeaser.
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d. Separate the evaporator and condenser with an
adiabatic section msade from a low thermal conduc-
tivity material such as plexiglass. This section
should mcst likely be conical in form.
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APPENDIX A
UNCERTAINTY ANALYSIS AND SAMPLE CALCULATIONS

o W

The uncertainty analysis of the experimental heat
transfer rates vas done by the method of Kline and )

¥ The following variables are the subject of the uncer%ainty

; analysis in this thesis:

N Q = the heat transfer rate from the condensing vapor, watts
S Qt = the total heat transfer zate to the cooling water when
§ electrical power is supplied to the evaporator, watts

Qf = the frictional heat rate generated in the system when
no electrical power is supplied to the evaporator,
wvatts

Cp = the specific heat of water, kj/kg-C

@ = the mass flow rate of the cooling water, kg/sec

N Tci = the cooling water inlet temperature, degree C

: Tco = the cooling vater outlet temperature, degree C

ATl = the cooling water temperature difference (Tco-Tci) when

electrical power is supplied to the evaporator

X ATE = the cooling water temperature difference (Tco-Tci) "
3 when no electrical power is supplied to the evaporator .
- The fcllowing equations are used for data analysis in g
this thesis:
AT = Tco-Tci
f ATf = Tco-Tci
o Qt = mCpaAT
' Qf = ACpaTf
e Q = Qt - Qf
; The uncartainties of the variables are designated: Wg, Wgt,
: Wwqf, Wcg, Wa, Wti, Wto, Wt and Wtf respectivaly. The .

uncertainties are given by:

49
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|
it = (Hto)z + [Wei)2)1/2

Wte = (Hto)z . (Hti‘Z 172

o

> (th)a un)z + (ch 27+ (Bt)Z 1/2

0 Qt ) cp T

o (wqf)a (_wl)z + (wcp)z + (Htf)z 1,2

o f : cp re/ |

o ig = [(wqt)z +(wqf)2] 172

f: The following sample calculations are for the smooth
- condenser operating at 700 RPM. Data is shown, with its
X uncertainties, for 2zero power operation and operation with
;; electrical power supplied to the evaporator.

£ Zero Power Power On

% cp (k3/kg=C) 4182 4182

o Wcp +/=- 1 +/- 1 F
5 @ (kg/sec) 0.2183 0.2183

3 va +/- 0.005 +/- 0.005

4

- Tci ( O 17.03 17.03

" wtcl +/~ 0.05 +/- 0.5

2 Tco ( ©) 17.20 19.70

2 Wteo +/- 0.05 +/- 0.5

_ ‘The uncertainty for the zero power ALTf is:

- Ntf = (o.os)z +(o.os) 172

- WtE = [0.00571/2

% [o-005)1/

o Wtf = +/- 0.07 degrezes Celsius

i
Y
o
2
-
- 1
» (]

The uncertainty for the power operation AT is:

Wt = [(o.s)z +(o.5)2] 1/2

FPC T

Wt 2T N gt gy e T e
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Wt = |0.5]1/2

Wt = ¢/~ 0.7 degrees Celsius

The frictional heat transfer rate, Qf, and its uncertainty are:

Qf = (0.2183) (4182) (17.20-17.03)

e Qf = 155.198 wat*s

e Wgf = 155.198 o.oos)z +( 1 )2 + {0.07\27 1,2
0 0.2183 4182 0.17

Wgf = 155.198 E).1753]1/2
i; Wgf = ¢/- 64.65 watts

s The total heat transfer rate, Qt, and its uncartainty are:

Qt = (0.2183) (4182) (19.70-17.03)

E? ¢t = 2437.525 watts

5 Wqt = 2u37.525( £0.005 Y2 +/ 1 \2 +/0.7\27] 1,2
- 0.2183 4182 2.67

4 Wgt = 2437.525 [0.0005 + 0.000001 +0.0021] 172

= Wgt = 2437.525 [0.095]

Wgt = ¢/- 231.6 watts

- 51
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The heat transfer rate from the vapor, Q, and its uncer-
tainty are: B
4
'j
Q = 2437 - 155 y
Q = 2282 watts R
[}

¥q = [(231)2 + (su)z:] 1/2

Wqg = ¢/~ 239.7 watts

The fracticnal uncertainty in Q is:

52
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{ APPENDIX B

3 CALIBRATION

e In order to produce meaningful experimental results, the
" measurement of physical quantities used in the analysis must
f be as accurate as possible. The instruments used to measure
ff the rarameters in the cooling water energy balance wvere
?3 individualy calikrated.

A. ROIOHBETER CALIBRATION

- The rotometer was calibrated for volume £flow rate in
. cubic meters per second by the following procedure. The
}I cooling water flow was directed into a tank placed ¢n a
b scale. The temperature of the cooling water was measured
and the density of the water determined from subccoled
liquid tables. The flow rate was adjusted <to the desired
- rotometer reading and the time required to add 20 1lbm %+c the
- tank was measured. Dividing the mass by the recorded time
- gave the mass flow rate. The mass flow rate was converted

to volume flow rate ty dividing by the density. A plct of

volume flcvw rate vs. rotometer reading was made and a linear

.2

Ay

ﬁ calibration curve derived by using a least squares fit of

N the data. The equations for volume flow rate as a function
! of rotometer reading and water density as a functicn of
i temperature were inccrpora*ed into the data aquisition and
f aralysis program. The ove..ll accuracy of the cooling water
7: mass flcw rate calculation in the program is +/- 0.5

- percent.

2

R
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B. THERNCCOUPLE CALIBRATION . )

{ All thermocouples were calibrated by immersing them Into )
- a Rosemcnt model 913A Calibration Bath and using a mercury
in glass themometer (accuracy +/-.028 degree C) as a stan-
SR dard.

1. Cooling water thermocouples (Tco &§Tci)

The bath temperature was vairisad up and down in 10
degree incresents frcm 8 to 60 degree C. At each data
point, the actual temperatures measured by *the thermometer i
and the temperature wmeasured by the data aquisition systea 0

1

B Ry,

s .
™

REKIR

were recorded and the difference between them computed. A
plot of temperature difference vs. the data aquisition

.8
S

i

systea's measured temperature was made and a linear calibra- 1
tion curve derived for each <thermocouple by a least squarss
- fit of the data. The calibration aquations for Tco and Tci
were inccrporated into the data aquisition and analysis
frogram. The accuracy of the calibration equations is +/-
. 0.05 degree C.
2 2. Ccndenser wall thermocouples
An attempt was made to calibrate the condenser wall and
the vapor space thermocouples by immersing the assembled
condensers into the calibration bath. Unfortunately there
was not enough wire on the thermocouples +to allow the 25 gin
connectors ¢o be 1lccated anywhera but directly over the
bath. As the bath tesperature was raised above S0 degree C,
vapor escaring from <the bath condensed on the connector
causing erratic readings. Therefore, the condenser wall
thermocougles were used only to provide qualitative infcrma-
+ion and could not be used for analytic calculatiors. The
use of the Jones strip terminals rather than the 25 pin
connectors will allow the terminal junctions to Le placed
well avay from the vapor escaping from the bath and accurate
calibrticn cf the condenser wall and vapor space theramocou-
ples will be possible in future work. b
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3. Varor space thermocouples (Ts)

Fer the reasons stated, above the vapor space theramccocu-
ples could not be be calibrated. + was possible to check
the accuracy of the vapor space thermocouples at 15 and 100
degree C. The thermocouple temperatures were found to agree
with the tath temperature within +/- 0.5 degrees C. This
accuracy vwas deemed sufficient for use in the graphical plot
of heat transfer rate (Q) vs. <thermsal driving potential(Ts-
Tci). In future wvork, where heat transfer coefficients are
to computed, an accurate calibration of <the vapor space
thermccougles will be mandatory.
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APPENDIX C
DATA AQUISITION AND ANALYSIS PROGRAM

TODAY'S DATE: 10 MAY 1983

TIME: 1400
PIPE CODE: O
- UNCORRECTED TEMPERATURES Degq.C
40 82.222510502
41 7.98597602346E+102
42 17 .3446620437
.43 7.98597602346E+102
44 25.6402555781
45 24.0017070502
46 26.0840235919
47 7.98597€02012E+93
. 48 44,3452453604
N 49 82.7480678325
S 50 16.9873841896
N 51 18.2530745301
Tei Tco Tco-Tci
* 17.1313542773 18.3761371673 1.24478289002
- Ts Twall Ts-Tci
? 82.4852891673 27 .6031795249 65.35392489

HEAT TRANSFER rate = 936.124982067 Watts

1 DATA SETS ARE STORED IN FILE: 14SM1

Sample Program OQutput
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